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Abstract 
Organisms which live under extreme climatic conditions of sub zero temperatures have developed 
different adaptations to cold. One of these adaptations was the development of specific proteins, 
called antifreeze proteins that inhibit ice growth and prevent re-crystallization, hence tissue damage. 
Extensive studies of the different antifreeze proteins revealed their structures and some basic 
characteristics which gave rise to theories about by which mechanisms antifreeze proteins work. 
Lately, antifreeze proteins have shown a lot of potential in commercial application. Food industry is 
a significant sector where antifreeze proteins can be applied. Using the methods and the protocols of 
transgenesis, antifreeze proteins can be introduced into fish, yeast, vegetables and fruits in order to 
give new beneficial properties to these organisms. Those applications have certificated 
advantageous results in the production and the quality of food. However there are some technical 
and health aspects of the applications that must be taken into account. In this report these aspects 
are discussed. The technical aspects is the cost and efficiency of the transgenic process and the 
health aspect is the possible allergies that may be caused by the transgenic food, however  research 
so far has not shown any cause for concern. The development of the antifreeze protein technology is 
in an embryonic stage so it has a great perspective for further future applications.  
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Abbreviations 
 
AFP - Antifreeze protein  
CRD - Carbohydrate recognition domain 
ISP – Ice structuring protein 
TH – Thermal hysteresis 
THP – Thermal hysteresis protein 
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1.0 Introduction 
Temperature is an important factor, for survival of living organisms and when water, the biological 
solvent, freezes to ice, living species are met with a major challenge. Poikilothermic species 
exposed to subzero temperatures, have two main strategies to protect themselves from cold damage; 
they can either avoid cold by preventing intra – and extracellular iceformation in their bodies 
(freezing intolerance) – or they can survive with the formation of extracellular ice in their bodies 
(freezing tolerance) [4] [6] [18] [1].  
The discovery of antifreeze proteins started out as a curiosity among scientist, about how the 
survival of fish in cold climates was possible. In the 1950’s, it was discovered that the survival of 
Antarctic teleost fish at subzero temperatures was caused by the presence of specialized antifreeze 
substances in their blood, rather than the presence of salts or additional substances [63] [20] [17]. 
Studies revealed that these antifreeze substances were proteins, which could lower the freezing 
temperature in Arctic fish, thus protecting the fish from cold damage. Following studies revealed 
similarly acting proteins – hence giving reason to the overall name, antifreeze proteins [63].  
Despite the exact mechanism of antifreeze proteins still not fully is understood, the prospects of the 
proteins function can emerge as a valuable tool in commercial uses. In food industries, the proteins 
can be added to different food items, such as ice cream to make a better texture, and to fruits and 
vegetables to keep longer shelf life. 
In the present report we describe the basic concepts of antifreeze proteins. We have investigated 
four different application areas within the food industries i.e. ice cream production, the transfer of 
antifreeze proteins in fruits and vegetables, fish aquaculture and the transfer of antifreeze proteins to 
baker’s yeast. Finally we discuss the advantages and disadvantages of antifreeze protein 
applications in food production. 
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2.0 Tissue damage by ice growth 
The damage caused on tissue by freezing start by the forming of extracellular ice crystals which can 
damage the cell membranes. As freezing continues intracellular water will diffuse into the 
extracellular space leading to dehydration of the cells and a buildup of ions and different solutes 
increasing the osmolarity in the cell. The freezing also causes denaturation of proteins whose 
function is of importance to all cellular processes. The result of denaturation of proteins is e.g. 
dysfunction or a total loss of cell metabolism. In the end the freezing of tissue can lead to rupture of 
the cell membrane [28]. Even sub freezing temperatures can lead to significant injuries in the cell. 
At low temperatures ion pumps such as the Na+-K+ pump will be inhibited, leading to a buildup of 
ions in the cell [48]. 
In animal tissue, damage is caused directly by freezing as described above, but may also lead to 
serious tissue damage later. During freezing blood vessels may be damaged which can reduce blood 
supply in the tissue leading to oxygen and nutrient deficiency and a buildup of metabolic waste 
[51]. 
3.0 Antifreeze proteins 
Antifreeze proteins (AFP’s) are in definition inhibitors of ice growth, and have been found in many 
different species, including fish, insects, terrestrial arthropods, bacteria, fungi and plants.  The 
function of the AFP’s is to inhibit and control the ice growth to a certain point, rather than prevent 
freezing. Therefore additional terms have been proposed to naming the AFP’s; Ice structuring 
proteins and thermal hysteresis proteins [58]. In this report, the inhibitors of ice growth will be 
called AFP’s. In the following, we introduce some general concepts, which are basis for 
understanding the function and mechanisms of ice growth inhibitors.  
3.1 Ice growth 
Water freezes at 0˚C and 1 atm. [55], however for ice to form a small amount of solid material (the 
seed) is needed to start the process of freezing. When this seed is present water molecules can attach 
to it and ice forms rapidly. If there is no seed available for ice to grow on the water will remain 
liquid with a temperature below its freezing point, this is called supercooled water. 
Without inhibition, ice grows as hexagonal sheets lying on top of each other (figure 1, A) [14]. 
When the water freezes a water molecule forms hydrogen bonds to three of its neighbors that are in 
 the same plane as the water molecule and one hydrogen bond that crosslink’s the different sheets as 
shown in figure 1, B.   
A)                                                         
Figure 1: Packing of the water molecules. One water molecule has three hydrogen bonds to other water 
molecules in the same plane an one hydrogen bond that crosslink’s the she
The growth of the ice crystal occurs in two directions
faces (a-axis) which make the ice crystal wider. A slower growth occurs along the c
the ice crystal longer. The properties of the ice crystal are shown in figure 2.
Figure 2: Ice growth under normal co
3.2 Thermal hysteresis 
Antifreeze proteins have a specific function 
and plants from damage caused by freezing. This activity can be measured as thermal hysteresis 
(TH). AFP’s creates a difference between the melting point
point of ice in a non-colligative way [
               B) 
ets [65]. 
. The fastest growth occurs from the prism 
 
 
nditions. The ice crystal grows fastest at the prism faces (a
slower rate along the c-axis [65]. 
to protect organisms like fish, insects, 
 in a colligative way
12].  
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-axis making 
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fungi, bacteria 
 and the freezing 
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Figure 3: Graph of TH versus log crystal fraction. TH decreases as the log crystal fraction increases [64]. 
TH is dependent on different factors. It depends on the size of the ice crystal, or in other words the 
fraction of ice in a sample. During the TH process AFP binds on the ice surface to inhibit the 
growth of the crystal. On the bigger ice crystals however some breakdowns may occur on the 
surface which enables the crystal to grow. On smaller ice crystals it is easier for AFP to inhibit the 
growth [22]. This is illustrated in figure 3 by a graph with TH versus the log crystal fraction. As it 
can be seen TH decreases as the log crystal fraction increases.  
 
Figure 4: Plot of TH versus AFP concentration for the synthetic HPLC-6 isoform of AFP I (WT) and variants 
where single alanine residues were replaced with leucine altering the activity of the AFP [2]. 
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The TH also depends on the concentration of AFP in the solution. Plotting TH versus the AFP 
concentration shows that TH increases as the AFP concentration increases (figure 4). A hyperbolic 
relationship is seen and therefore the TH will not continue to increase as considerably as with low 
concentration of AFP since a maximum inhibition will be reached and an increase of AFP will have 
no additional effect on the TH [3].  
The type of AFP also affects TH. AFP can be divided in two groups based on their activity: 
moderate active AFP and hyperactive AFP. The moderate active AFP is fish AFP’s where TH is 
between 1 and 1.5 ̊ C (although winter flounder type I AFP is hyperactive as shown in figure 5) and 
plant AFP’s where TH activity is 0.1 – 0.5 ̊ C. Hyperactive AFP is insect AFP’s with TH at almost 
5˚C [34]. As it can be seen in figure 4 changes in important amino acid residues can have big effects 
on the TH. In figure 5 the difference between the TH of some hyperactive AFP’s and the TH of 
some moderate active fish AFP’s is shown. 
 
Figure 5: TH versus AFP concentration for hyperactive AFP’s and moderate active AFP’s. As it is shown the 
hyperactive AFP’s creates a much higher TH than the moderate active AFP’s. The different types shown in this 
graph is:                                                                                                                                                             
Hyperactive AFP’s: open circles with dotted line: recombinant spruce budworm AFP isoform 501, open triangles 
with solid line: recombinant M. primoryensis AFP, open squares with dashed line: natural winter flounder type 
Ih AFP, filled diamonds with dashed line: recombinant Tenebrio molitor AFP isoform 4-9, open diamonds with 
solid line: natural snow flea AFP 6,5-kDa isoform. Moderate active AFP’s: solid squares with dashed line: 
recombinant type III AFP QAE isoform, open circles with dotted line: recombinant mature type II AFP, solid 
circles with solid line: natural Nototheniid antifreeze glycoprotein isoform 5, inverted open triangles with dashed 
line: synthetic shorthorn sculpin AFP isoform SS-8, inverted solid triangles with dashed line: synthetic type I 
AFP isoform HPLC-6 [54]. 
TH can be measured experimentally using a nanoliter osmometer and a microscope to follow ice 
morphology and growth [22]. A typical setup consists of a metal plate with small wells which is 
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placed under the microscope (figure 6A). The wells are filled with viscous oil, and a sample 
containing AFP is then injected into the oil droplets and subsequently rapidly frozen. The sample is 
then slowly thawed until the smallest possible ice crystal is achieved and the temperature is noted. 
The temperature is slowly decreased until the AFP no longer can inhibit the ice growth; 
consequently the whole sample is frozen solid (cryo-explosion) or a large needle like ice crystal 
suddenly “shoots out”. This temperature is noted and the temperature difference between the 
melting point and the freezing point is the thermal hysteresis [26]. This is done several times with 
various ice fractions to make the estimation of TH as accurate as possible. A diagram of the 
experimental setup for measurement of TH is shown in figure 6A) and a picture of the experimental 
setup from a laboratory is shown in figure 6B). 
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 A) 
B)  
 
Figure 6: A) Experimental setup for measurement of TH. A droplet of oil is placed in one of the small wells and 
the sample for measurement is placed inside this oil droplet. The sample is frozen then thawed to a small ice 
crystal and frozen slowly until the “cryo-explosion” occurs, this is followed with a microscope. The difference 
between the melting point and the freezing point is the TH. B) Setup for measurement of TH from the laboratory 
of Hans Ramløv at Roskilde University [courtesy of Bjarne Vincents] 
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3.3 Mechanisms of AFP’s 
As described in the ice growth section (3.1) ice grows as hexagonal sheets. When fish AFP is 
present however, the growth of the ice changes from the normal sheet growth in pure water to 
bipyramidal crystals and columnar spicules [14]. This shows that fish AFP binds to the prism faces 
of the ice crystal primarily inhibiting the growth along the a-axis. When the fish AFP no longer is 
able to inhibit the ice crystal growth, the ice crystal will “shoot out” in a needle shape. In figure 7 an 
ice crystal grown with fish AFP IV is shown and in figure 8 the change in ice morphology as 
temperature drops can be seen. 
 
Figure 7: Ice morphology in the presence of fish AFP IV [14]. 
 
 
Figure 8: Change in ice morphology of an ice crystal grown with AFP from Zoarces Viviparus when the 
temperature is lowered [Courtesy of Thomas Flarup]. 
A similar inhibition of ice growth is seen in plants. These AFP’s also primarily inhibits the growth 
along the a-axis allowing an elongation of the ice crystal but not a widening (figure 9). The change 
in ice morphology as the temperature drops can be seen as well as the needle-like crystal that 
“shoots out” when the AFP no longer is able to inhibit the growth of the crystal.  
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Figure 9: Ice crystal morphology of partially purified and concentrated antifreeze protein from cold-acclimated 
winter rye leaves. A: Orientation of the ice crystals. The a-axis represents growth in the basal plane and the c-
axis represents growth normal to the basal plane. B: incomplete bipyramid; C: bipyramid; D: needle-like. [26] 
Ice grown with the hyperactive insect AFP exhibits a different growth pattern. When grown with 
insect AFP it most often grows as hexagonal plates [3] and the crystal stays primarily in the same 
shape and size until the AFP no longer is able to inhibit the ice crystal and a “cryo-explosion” 
occurs resulting in the entire sample is frozen at once (figure 10). This shows that the insect AFP 
inhibits the ice crystal growth from both the a-axis and the c-axis not allowing the crystal to grow in 
any direction.  
 
Figure 10: A sample with insect AFP, in this case from the insect Rhagium mordax, is slowly frozen and at a 
certain point the AFP is no longer able to inhibit the ice growth and a “cryo-explosion” occurs [Courtesy of 
Bjarne Vincents] 
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AFP’s are believed to bind irreversibly to the surface of the ice crystal when inhibiting ice growth. 
A study by Wen and Laursen [62] however, showed data that suggested a two step model. With low 
concentrations of AFP hydrogen bonding seemed to be reversible, but at higher concentrations the 
proteins packs tightly at the ice surface and interacts with other proteins which increases the effect 
of the inhibition and makes the binding irreversible [62].   
The mechanisms by which AFP’s inhibit ice growth are not jet fully understood. Different theories 
have been proposed and the dominating one involves AFP’s making hydrogen bonds to the surface 
of the ice crystals. The best studied types of AFP’s are the alanine rich α-helical AFP’s. These 
proteins have surface exposed hydrophilic amino acid residues such as threonine, cysteine, 
glutamine, serine and asparagines spaced out in the helixes. It has been proposed that these 
hydrophilic amino acid residues, and in particular threonine, make hydrogen bonds to the surface of 
the ice crystal. When the AFP makes these hydrogen bonds to the ice crystal the hydrophobic side 
of the AFP is oriented at the liquid water face. This hydrophobic interaction between one side of the 
AFP and liquid water and the hydrophilic interaction between the other side of the AFP and the ice 
crystal is believed to be the mechanism by which AFP’s inhibit ice growth [9]. In figure 11 is 
shown a proposed ice binding model of an α-helix from an AFP. 
 
Figure 11: Proposed ice binding model. Proposed hydrogen bonds from the α-helix to the water molecules on the 
surface of the ice crystal are shown [63]. 
Davies and Hew explains that studies have shown that shorter versions of flounder AFP HPLC-6 
are inactive and that smaller proline containing antifreeze glycoprotein is less active than the larger 
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ones [13]. This shows that the size of the AFP’s play an important role in the inhibition of ice 
growth. The alignment of the AFP on the surface of the ice crystal also seems to be of an important 
role in the inhibition of ice growth. AFP needs to align in the best possible way to form hydrogen 
bonds between its hydrophilic residues and possible bonding places on the ice surface, to maximize 
its inhibiting effect [63].  
All AFP’s have hydrophilic regions which consist well with the theory that AFP forms hydrogen 
bonds to the surface of ice. AFP III however has a conformation that does not consist well with this 
theory. AFP III has two hydrophilic regions but these are located on opposite sides of the protein 
[63]. This is not the only problem regarding this theory. An experiment suggested that hydrogen 
bonds had nothing to do with the inhibition of ice growth. In the experiment hydrogen bonds 
between flounder AFP and the ice crystal were blocked, by substituting the hydrophilic threonine 
with hydrophobic valine, and a measurement of the AFP activity showed no difference compared to 
AFP activity with non blocked hydrogen bonds [29].  Later a very extensive computer simulation of 
the inhibitative mechanism AFP were carried out and the results supported the experimental 
evidence that hydrogen bonds does not play a key role in AFP’s inhibition of ice growth [11].  
This illustrates the difficulty of determining exactly by which mechanisms AFP’s inhibits ice 
growth and may lead us to think that both hydrophilic and hydrophobic interactions between AFP 
and the ice crystal play an important role in inhibition.  
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3.4 Evolution and diversity of AFP’s 
The diversity among AFP’s is noticeable, because each type differs greatly in their primary – 
secondary and tertiary structure from the other types. While the AFP’s share the same main 
function; inhibitors of ice growth - none of them seem to share much relationship.  This diversity of 
AFP’s is a result of evolution, where organisms have evolved an adaptation to cold, and the ability 
to survive subzero temperatures, during the freezing of the Antarctic and Arctic oceans, 10 – 15 
million years ago. The genes of these proteins seem to be formed from DNA without related 
function, rather than being the result of duplication, divergence or exon shuffling [5] [38] [27]. 
AFP’s may be divided into different groups according to their discovery, their origin, their 
structure, and other subjects. Often a rough division between glycoproteins and non-glycoproteins 
of AFP’s will be made. The glycosylated AFP’s can often be found by the term AFGPs (antifreeze 
glycoproteins) instead of AFP’s, to simplify, both types will be named by the term AFP in this 
report. Glycosylated AFP’s are threonine rich molecules found in almost every fish living within 
the Antarctic ecosystem, they are predominantly in teleoest fish of deep seas, and can be found in 
the fish families of Nototheniidae, Channichtyidae and Bathydraconidae,  and some species from 
the Arctic fish family Gadidae [5] [21] [59] [58] (table 1). 
If a particular gene arises one time, it is expected that the gene only can be found in a monophyletic 
group of organisms. AFP genes with almost similar gene codes can be found in polyphyletic groups 
of organisms, indicating that the genes have evolved differently. A term, used to describe this, is 
evolutionary parallelisms, which means that a particular gene has evolved more than one time. 
Glycosylated AFP’s for example have been found in two different fish species (Error! Reference 
source not found.), indicating that the genes have evolved at least two times. All the different types 
of AFP’s seem to have evolved differently, and still share the main function; to inhibit ice growth 
[38]. 
One proposed hypothesis is that glycosylated AFP’s originates form a trypsinogen [9]. Fish 
swallows seawater, if the seawater is from a cold environment, the freezing will take place in the 
intestines and the gut, where trypsinogen also can be found, digesting food. The hypothesis suggests 
it would make sense, that nature have evolved glycosylated AFP’s from trypsinogenes, or other 
digestive enzymes, where the enzyme would digest food meanwhile the glycosylated AFP’s would 
prevent the intestinal fluids from freezing.  [27] [9] [40] [8].   
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AFP types from fish other than glycosylated AFP’s, can be divided into four subgroups (type I-IV) 
based on their discoveries [5] (table 1).  
The simplest of the four subtypes is the AFP type I, which can be characterized by its alanine-rich 
(> 60%) α-helixes and its repeating sequences of 11-residues that starts with threonine [20] [63] 
[28] (table 1).  
A more complex subtype is the AFP type II, which is a globular protein characterized by a high 
content of disulfide bonds [20]. The AFP type I differs further from the other AFP’s by having 
carbohydrate recognition domains (CRDs), which are identical to those of Ca2+ depended (C-type) 
lectins. Genes from type II AFP’s have evolved at least three times, because it has been found in 
three different fish species with almost similarly gene codes (table 1). By comparisons between the 
three species which bear type II (table 1), shows that AFP’s of the rainbow smelt are about 80 % 
identical with the herring, while the sea raven are only about 40% identical to the herring and smelt. 
Both the herring and smelt AFP’s require Ca2+ for their activity, where AFP’s of the sea raven are 
not Ca2+ depended. This shows that there even within the subtypes can be found great diversity, 
which tells something about how the AFP’s have evolved – in this case, with the AFP type II, it 
could suggest that the AFP’s from herring and smelt has evolved from different C-type lectins [20].  
The type III AFP’s is globular proteins with a β-sandwich structure consisting of eight β-strands 
(Table 1). The primary structure do not contain some predominantly amino-acid like many of the 
other AFP’s [63]. 
The type IV is characterized by high content of glutamine (17 %), and its structural fold consist of 
four α-helix bundles which constitutes about 60% of the total protein. The activity of the AFP’s 
from fish has shown to be almost qualitatively and quantitatively similar, where a plot of the TH 
versus concentration for type I, II, III and AFGPs all showed a hyperbolic relationship, where there 
was no more than a twofold difference in their TH activities [15] [16] [53]. 
Insects are better adapted to subzero temperatures than other groups of animals. The thermal 
hysteresis activity of their AFP’s has shown to be more than 100 fold more active, compared to 
AFP’s from other animals at same concentrations [24] [18].  The activity of insect AFP’s or 
hyperactive AFP’s is one to two orders of magnitude more active than the fish AFP’s (AFGP, type 
I-IV). The insect AFP’s compared to each other showed that they like the fish AFP’s had about the 
same order of activity [53]. AFP’s have been found in more than 26 insect species, which displays 
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the same broad phylogenetic diversity as seen in fish AFP’s [18].  Some of the AFP’s from insects 
have a high content of cysteine (~16  %), while others lack cysteine and instead are rich in 
serine (~28  %) or have a high threonine content, which could be involved in hydrogen 
bonding. The AFP’s from insects differ from AFP’s with their higher thermal hysteresis activity, 
and their lack of carbohydrates. None of the found insect AFP’s contains carbohydrates [18]. 
AFP’s of plants can survive extracellular ice formation by secreted AFP’s of the leaves. The amount 
of AFP’s secreted has shown to be correlated with the level of freezing tolerance, where the AFP’s 
seem to be associated with the outer surface of cell walls and middle lamellae of the leaves, where 
the ice occur during freezing. The TH activity of plant AFP’s is low compared to TH activity of fish 
- and insect AFP’s (table 1). The plant AFP’s consists of β-sheets and random coiling, and by low 
temperature studies has shown that ethylene and abscisic acid are involved in regulation of the AFP 
activity. AFP’s of the winter rye have further shown to be similar to plant pathogenesis-related 
proteins [25] [1] [58] [32].  
  
Protein TH ( οC) Mass (Da) Species Structural type Protein homology Ice binding site References 
Fish type I AFP 
 
0,6 – 1,5 3.300 – 4.500  Righteye flounder, 
winter flounder, sculpins  
 
Single α-helix, many 
with sequences repeat 
Unknown Thr and residues 
associated with its 
correspond to 
Ca2+binding site 
[20] [28] [58] 
Fish type II AFP 
 
0,6 – 1,5 11.000 – 24.000 Sea raven, rainbow 
smelt, Atlantic herring  
Globular; smelt and 
herring are Ca2+ 
dependent 
Galactose-binding: C-
type lectins in herring 
 [20] [28] [58] 
Fish type III AFP 
 
0,6 – 1,5 6.500 Eel pounts such as ocean 
pout (Macrozoarces 
americanus) 
Globular with one 
flattened surface  
Unknown Binding site residues 
on and flanking flat 
surface 
[20] [28] [58] 
Table 1: Overview of the different AFP types.   
  
 
Protein TH ( οC) Mass (Da) Species Structural type Protein homology Ice binding site References 
Fish type IV AFP 0,6 – 1,5 12.000 Longhorn sculpin 
(Myosocephalus 
octodecimspinosis) 
Antiparallel helix bundle Low-density 
lipoprotein receptor-
binding domain og 
apolipoprotein E3  
Unknown [20] [28] [58] 
Plant AFP 0,2 – 0,4 16.000 – 35.000 Winter Rye Endochitinase,  
endoglucanase,  thaumatin-
like 
Endochitinase,  
endoglucanase, 
thaumatin 
Unknown [20] [25] [58] 
Insect AFP 3 - 9  Spruce budworm 
(Choristoneura 
fumiferana), Dendroides 
canadensis, mealworm 
bettle 
Thr – and Cys rich  Unknown Unknown [20] [18] 
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The evolutionary relations among AFP’s can be tracked on basis of phylogenetics. Molecular data 
such as nucleotide – and amino acid sequences can be used in order to construct a phylogenetic tree. 
The methods used for this, is based on mathematical models, which describe molecular 
characteristics for the different species included.  Sequence alignment was made between type II 
AFP’s from the herring Clupea harengus, and type II AFP’s and CRD’s from other fish. The type II 
AFP’s from the herring differed from other C-type lectins by two additional disulfide bonds. The 
sequence alignment can be seen in figure 12. 
 
Figure 12: Sequence alignment of type II AFP’s and most closely related fish-specific lectins. Similar amino acid 
residues are highlighted [37]. 
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Based on the sequence alignment, a phylogenetic tree was calculated. The phylogenetic tree 
revealed that all type II AFP’s form a single branch of lectins, indicating that they all have the same 
evolutionary origin [37]. The phylogenetic tree can be seen in figure 13. 
 
Figure 13:  Maximum likelihood (ML) phylogenetic tree of type II AFP’s and representatives of the most closely 
related fish lectins [37]. 
A phylogenetic tree containing lectins from type II AFP’s, fish skin mucus lectins and other closely 
related lectin families were made (figure 14).  The following phylogenetic analysis suggested that 
type II AFP’s and fish skin mucus lectins share the same evolutionary origin as snake specific 
lectins. The study suggests that all type II AFP’s arose by duplication of the same evolutionary 
origin [37]. 
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Figure 14: Maximum likelihood (ML) phylogenetic tree of type II AFP’s and other closely related lectins [37].   
Two phylogenetically distant fish species, an Arctic cod (Boreogadus saida) and an Antarctic 
notothenioid (Dissostichus mawsoni) was used in an experiment, in order to compare their 
glycosylated AFP’s and determine how two unrelated fish species can have almost the same 
glycosylated AFP genes [8]. 
 
Blood samples collected from B. saida and D. mawison were allowed to clot for 2 hours by 0 °C 
before centrifugation at 2,000 g for 10 minutes. The serum was removed from the pellet and stored 
at – 20° C for later use [44]. 
The Glycosylated AFP’s were purified from dialyzed serum by DEAE-cellulose ion exchange 
chromatography. The appearance of glycosylated AFP’s were monitored on a Beckman 
doublebeam spectrophotometer by absorbance at 230 nm. Absence of absorbance at 280 nm 
indicated that the glycosylated AFP’s were free of globulins and serum albumin [44].   
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Lyophilized pellets from the serum were resuspended in 20 µL borate buffer containing 0.3 M 
H3BO2 (pH 8.6) at a concentration of 20 mg/mL. Each 20 µL sample were fluorescently labeled by 
the adding of 5 µL fluorescamine (4 mg/mL in acetone) and there after electrophoresed on a 15–
20% nondenaturing, gradient polyacrylamide gel. The gel was analyzed under ultraviolet light, were 
the distance between the origin and each glycosylated AFP was compared with an already known 
molecular weight of a glycosylated AFP. This showed that the size heterogeneity for small 
glycosylated AFP’s was identical between the two fish species, indicated by the same number of 
bands; the larger the AFP’s became the more variability was shown between the two fish species 
[44].  Amino acid compositions of glycosylated AFP’s were analyzed at a biotechnological center 
[8]. 
 
In order to characterize the glycosylated AFP gene of D. mawison, a genomic library was formed 
from liver DNA. A screening of the primary library was made, where positive clones randomly 
were selected to further analyses. Glycosylated AFP-positive fragments from each phage were 
subcloned into a plasmid. Nested sets of unidirectional deletions of the inserts of the subclones were 
generated and sequenced [9]. A genomic library for B. saida was constructed from spleen DNA. 
Fragments between 1 and 4 kbp gained from a 0.7% low-melting agarose gel, was cloned and 
subclones from each phage was screened by colony hybridization. Nested sets of unidirectional 
deletions of inserts of subclones were generated and sequenced [8]. 
A northern blot analysis was made in order to analyze the glycosylated AFP mRNA of B. saida.  
Total RNA from the liver was extracted and the Poly(A)+ was isolated from the total RNA. The 
sample was afterwards resolved on a 0.2% agarose/2 M formaldehyde gel, vacuum-blotted onto 
nylon membrane and hybridization by 60°C, to form a gene probe [8].  
Characterization of B. saida cDNA, was made by obtaining the 5’ portion of the glycosylated AFP 
cDNA by 5’ RACE of the liver Poly(A)+ RNA using a 5’ anchor primer and a glycosylated AFP-
specific primer for amplification. The amplified cDNA was cloned into a plasmid and sequenced. A 
southern blot analysis of the genomic DNA for B. saida and D. mawsoni was made as well [8]. 
 
The study showed that the two phylogenetically distant fish species have produced almost similar 
glycosylated AFP’s with independent evolution. The Antarctic notoheniod produce glycosylated 
AFP’s which seem to originate from a pancreatic trypsinogene, while the Arctic cod share no 
similarity with the trypsinogen, indicating that the glycosylated AFP from the cod, did not originate 
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from the trypsinogene.  The glycosylated AFP genes from the two fish species showed not to have 
the same intron-exon organization and different spacer sequences, indicating separate genomic 
origins. Differences in the coding sequences for glycosylated AFP’s showed further that the genes 
arose from different sources. The two different fish species have evolved nearly similar 
glycosylated AFP genes, from different origins [8]. 
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4.0 Commercial applications 
4.1 Transgenesis 
By definition the term transgenesis describes the biotechnological process in which a living 
organism acquires new physiological or biological characteristics by the introduction of an 
exogenous gene. The exogenous gene, called transgene, is an isolated segment of DNA that 
contains a gene sequence. During this process the segment of DNA is isolated from one living 
organism and transferred to another organism. The transfer of a transgene into another living 
organism can, upon expression, generate some new functions or give it specific abilities, like the 
production of new proteins. All the organisms that undergo this modification are labeled as 
transgenic organisms [43].  
The recombinant DNA technology is of great value in biotechnology because it provides great tools 
for genetic engineering. The development of the recombinant DNA techniques gives an opportunity 
to investigate, in detail, the molecular function of living organisms and the possibility of 
manipulating the genetic material of these organisms. There are several reliable and tested methods 
that accomplish the transfer of genes into a plethora of cell types. In the following three different 
methods will be explained: microinjection, electroporation and retrovirus-mediated gene transfer.  
Microinjection 
Microinjection is a technique in which the cell membrane is penetrated by a capillary needle. The 
penetration enables an introduction of new substances into the cell. In DNA microinjection a gene 
or a combination of genes, taken from one organism, is injected into the pronuclear of a fertilized 
ovum of another organism. Describing the transfer of foreign DNA into fish by direct 
microinjection will give the reader a picture of the microinjection method. 
The gene transfer by microinjection has a step by step process: 
• First the eggs and sperm are collected in different containers. 
•  In the egg container water and sperm is added, to fertilize the eggs, and stirred to maximize 
fertilization potential. 
• Then the fertilized eggs are injected with a buffer that contains a high copy number of the 
transgene using a glass micro needle. Other tools that are used in this process are a 
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stereomicroscope for the enlargement of the target and a micropipette which holds the fish 
embryos stable.  
• After the injection of the transgene into the egg cytoplasm the embryos are incubated in 
water until hatching.  
The method of microinjection provides a few advantages. The delivery of DNA with this technique 
is precise and without limitation. Because of that the chance for integrative transformation is high. 
At the same time microinjection is a direct physical approach and that makes it host-range 
independent.  On the other hand microinjection has a low transformation rate and it is quite difficult 
to handle. It is also a time consuming technique because it is applied only in one cell per time. With 
microinjection damage may be caused by the penetration with a sharp needle which can affect the 
embryonic survival. Finally the blurry and non see through chorion of the eggs create problems in 
the visualization of the target and complicates the process of microinjection [57].  
A schematic presentation of microinjection in transgenic mice production is shown in figure 15. 
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Figure 15: Schematic presentation of transgenic mice production through the input of exogenous DNA into the 
pronuclei of fertilized eggs by using the method of microinjection. The figure is from the website of the Institute 
for Laboratory Animal research [66]. 
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Electroporation 
Electroporation is a method using the potential of an electrical field. In this process a mixture of 
suspended cells and DNA are made and placed in a high-voltage electric field. The dynamic of the 
electric field will open pores in the cell’s membrane. Those pores have big enough diameters to 
allow the DNA macromolecules to pass through the membrane into the cell. Afterwards the DNA 
molecules are transported to the nucleus and integrated into the host chromosome. The mixture is 
then incubated at 0oC to avoid rapid closing of the pores since reclosing of the membrane pores 
depends on the time and the temperature. The incubation creates the favorable conditions for the 
molecules to pass the membrane pores. Electroporation has enviable acceptance among biologists 
because of its technical characteristics. Unlike microinjection or other gene transfer technologies, 
electroporation need greater number of input cells and at the same time its application is reliable for 
all cell types. A significant advantage is its high efficiency of gene transfer [35]. 
The parameters that appear to have fundamental role in the efficiency of gene transfer with 
electroporation are interwoven with the electric field and the concentration of the mixture 
substances. The first parameter that affects the elctroporation is the electric field strength.  This is 
related to the applied voltage and the size of the electrode gap. Other parameters are the duration 
and the size of the pulse and the conductivity of the electroporation buffer. For a successful gene 
transfer the concentrations of cell and DNA must be adjusted in the proper amounts. Misuse of one 
of the above parameters could cause unpleasant situations in the attempt of gene transfer. As an 
example non proper electrical field strength can result in a big percentage of cell death. There are no 
pre-fixed settings of these parameters and it varies from one cell type to another which is why only 
the methodology of a very basic electroporation process, that can be found in general laboratory 
manuals, are explained in this section. The necessary materials for the gene transfer via 
electroporation are the electroporation power devise, cuvettes and buffer. The buffer consists 
mainly of Sodium Cloride (NaCl), Potassium chloride (KCl) and Na2HPO2  in specific amounts.  
The first step of electroporation is the dissociation of the cells from the container using 
trypsinization to pellet the growing cells. After that the cells are resuspended in electroporation 
buffer of selected concentration in an electroporation cuvette. The next step is the adding of DNA 
which was linearized before the cell suspension. The mixture of DNA and cell are exposed to an 
electric field using the electroporation devise, after which the mixture is incubated on ice for a few 
 30 
minutes and the cells are finally placed in non-selective medium [35]. A picture of a cell membrane 
before, during and after electroporation is shown in figure 16. 
 
Figure 16: The picture shows the different states of the cell membrane during electroporation. 
The pores in the membrane are visible and they are formed because of the electric field [67]. 
 
Retrovirus-Mediated Gene Transfer 
The characteristics of the retroviruses can be functionary in a gene transfer process. A principal 
characteristic among them, which make them a useful tool for gene transferring, is that the genome 
of a retrovirus integrates into the host chromosome and is transmitted from one generation to 
another. Also their big infectivity range is a reason for using them as vectors to transfer genetic 
material.  
The method of retrovirus-mediated gene transfer occurs by the introduction of infectious viral 
genomes into cells. Studies showed that when foreign genes are introduced into a cell through 
infection, the level of the gene expression is higher [35]. A schematic presentation of this is shown 
in figure 17. 
 
 Figure 17: A schematic presentation
  
 of the retroviral expression vectors. [
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68]  
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4.2 Aquaculture 
Fish has always been an important element of the human society, through ages and in all cultures, 
as it is one of the basic sources for protein consumption. Fish has a positive nutritional profile 
which is rich in proteins and it has low amounts of fat. These characteristics, combined with the fact 
that it contributes to the human’s need for vitamins and minerals, has made it a very popular 
consumption source.  
The need for fish meat was the beginning of the evolution and development of catching techniques. 
Thus through centuries the primitive way of fishing became organized aquaculture. Aquaculture 
refers to the cultivation of fish species in specific space and controlled conditions. Nowadays it is 
one of the biggest industries around the world and one of the biggest food providers [42]. The role 
of aquaculture doesn’t stop in the food production as it has a beneficial role in the economic 
development of certain societies [42]. All of the above makes aquaculture an important subject for 
research in biological engineering and other branches of science. Consequently it is an obvious field 
to study AFP applications.  
In the northern parts of the Atlantic region, the environmental conditions constitute an obstruction 
for aquaculture units.  One of the major reasons is the migration of some commercial fish during the 
winter because of the low sea water temperature. The water temperature decreases to -1.9oC, which 
is a fatal condition for many species. This makes the sea cage farming or other kinds of aquaculture 
impractical [30]. One notable attempt to make the aquaculture operations more efficient is the 
creation of a freeze-tolerant fish. This will allow the farming of commercial fish during the winter 
and it will extend the range of aquacultures in the north Atlantic regions. Studies have been made 
upon the gene transfer of winter flounder, which contains AFP type I, to the Atlantic salmon [30]. 
Thus AFP can be applied biotechnological to aquaculture creating a new field of transgenic fish.  
One of the first attempts of AFP gene transfer was introduced through experiments with winder 
flounder and rainbow trout. Researchers injected AFP, taken from the winter flounder, into the 
rainbow trout and the generation of cold resistance was observed. Rainbow trout is a specie that do 
not have the ability to tolerate freezing conditions, however after the direct injection it was 
ascertained that it could survive in temperature as low as -1.4oC [30]. 
At the time of the first attempts of AFP gene transfer, in the early eighties, the technology and the 
techniques were not very advanced. Parallel to that the scientists had to develop new methods to 
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overcome the difficulties with the foreign DNA transfer. A significant problem was the non 
transparent chorionic membranes that surround the salmon eggs. With the technique of injection (of 
linearized AFP DNA into salmon eggs) it was hard to penetrate the egg, since the chorion becomes 
harder in water, and at the same time the pronuclear is not visible because of the non transparent 
membrane [30]. 
 For that reason the foreign DNA is injected near the micropyle of fertilized and pro-activated eggs. 
With this method the foreign DNA goes closer to the developing pronuclear and incorporates into 
the host chromosome.  
The common problem involved in the creation of a transgenic organism is the gene integration and 
inheritance. A basic purpose of the transgenesis is to accomplish a stable integration of the 
transgene into a host chromosome. It is crucial for the transgenesis process to achieve inheritance as 
well. That means that a gene transfer is successful when the next generations of the organism will 
inherit the installed characteristics. After the injection of foreign DNA it is difficult to manipulate it 
over the integration site in the host genome and it is not possible to predict the expression of the 
transgene. For that reason the injected fish are screened and observed to distinguish the ones with 
the transgene. Fish which carry the transgene are scanned again so to establish a stable transgene 
integration [30] [57]. 
Our fundamental expectation from a transgenesis process with a stable integration is to achieve the 
expression and the post-translational modification of the gene product. Under those circumstances 
the transgenic organism will create a functional protein. To analyze the transgene expression and 
for the determination and detection of the proteins the analytical technique of immunoblot (western 
blot) is used. By using gel electrophoresis the proteins can be separated according their polypeptide 
length or their three dimensional structure. The next step is to detect the specific proteins by using 
antibodies after they are transferred into a nitrocellulose membrane. 
The studies upon the Salmon, in the attempt of AFP transferring, gave some conclusions. These 
conclusions give an overview of the Salmon’s biological reaction after the AFP genes transfer. First 
of all the experiments showed that the integration frequencies of injected transgenes will be low and 
that those transgenes before the integration can be rearranged which will cause no expression. A 
very significant fact is that the studies showed that a Mendelian inheritance pattern is not obtained 
before the third generation and that only after the fourth generation can a production of fish 
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homozygous for the transgene be achieved [8][57]. For the transgenic industry those results are 
important because they point to a very long process before a useable product is achieved. The time 
and the fact that there are no certainties of success from the beginning of the transgenesis, may be 
an obstacle for further financing of transgenic commercial fish. 
4.3 Fruits and vegetables  
There are many different food items that cannot cope with being frozen without negative changes in 
their quality, especially in food where their quality is determined by their exterior and their texture.  
Ice crystals in the extracellular and intracellular tissue cause undesirable changes of quality - this is 
due to dehydration injury, which will greatly affect the exterior quality and mechanical injury. This 
can lead to damage of the plasma membrane, which is both caused by ice formation and 
recrystallization.  Under stable refrigeration conditions, fruits and vegetables will have minimal loss 
of nutrients, however if the above mentioned occurs, the loss will be much greater and the taste 
experience will fade. The rate of freezing and fluctuating temperature is two essential factors in ice 
formation and recrystallization in food, especially in fruit and vegetables. Under the given factors 
cellular damage is unavoidable, which is a problem since the quality of fruit and vegetables is 
judged by their exterior [31]. 
For example, when vegetables (e.g. tomatoes) are frozen at slow rates, which are the case in storage 
facilities, large ice crystals that are randomly spread, fill the extracellular spaces. If there is also 
fluctuation in temperature around subzero, recrystallization will occur and cause both tissue and 
cellular damage [31] [58]. If the vegetables then thaw, under the given condition above, rapid 
decomposition, caused by dehydration, loss of nutrients and a possible loss of whole storages, can 
occur.  When ice crystals are formed at rapid freezing, they are very small and form in both the 
small intracellular and extracellular tissue and will cause minimal cellular destruction, opposite the 
case of large ice crystals and slow freezing. There is a way to prevent the negative effects associated 
with storing tomatoes at freezing temperatures. Given that rapid freezing is very costly, an 
introduction of AFP, with its ability to inhibit ice growth and recrystallization, into tomatoes will 
minimize costs greatly, contain nutrients and quality at around subzero temperatures [23]. 
AFP’s are localized in the extracellular tissue, in freeze tolerant organisms as described in section 
3.4, which suggests that these proteins can be added physically to food by mixing, injection, 
soaking, vacuum infiltration and gene transfer, the last mentioned would suit fruits and vegetables 
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in the best way because of the benefits of transgenic plants, meaning that the offspring of the 
transgenic plants will inherit their new trades and therefore minimize cost compared to the other 
methods [58]. 
To obtain this feat transgenic tomato plants will have to be made, which implies a AFP gene will 
have to be cloned into the tomato plant, thereby inhibiting firstly ice formation and secondly 
recrystallization.  Below is shown one half of a tomato as it should look, texture and quality wise 
(figure 18). After storage and transit the tomatoes should preferably look the same, which is why 
AFP’s are introduced to try and solve this problem of maintaining quality after freezing.        
 
Figure 18: Picture of one half of tomato showing the desired quality and texture [69] 
There has been success in tomato plants, with insertion of a chimeric AFP gene. In this case, a gene 
called spa-afa5, which is a fusion of an afa5 gene, which originates from the afa3 AFP III (winter 
flounder) gene and spa that comes from a shortened version of the bacterium staphylococcal protein 
A [31]. These genes were engineered, so they could be expressed in plant cells. This was done by 
fusing them to a plant promoter and a polyadenylation region [31].  Spa-afa5 and afa3 were then 
cloned separately, into two series of tomato plants, to see their effects of recrystallization inhibition 
and to make correlations. The AFP activity was measured using the “splat” assay and is based on 
the properties of AFP, at low concentrations, and its ability to inhibit recrystallization of ice as 
showed below in figure 19 [31].  
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The procedure starts with a 5 µl drop of soluble protein extract, of the transgenic tomato plant 
Bonny Best (Lycopersicon esculentum), which is frozen rapidly to -70oC, on a polished metal plate. 
Then the drop is moved to a cryostage, at -7oC and ice crystal growth can be monitored and 
cataloged, which goes on for 1 to 2 hours, until all results are collected. A curve is made, based on 
the results, which are AFP activity of recrystallization inhibition. It was shown that the purified 
chimeric gene spa-afa5 was ten times more active than purified afa3 alone [31].  This indicates that 
the chimeric AFP genes is indeed superior compared to the ordinary purified afa3 gene and more 
importantly, AFP’s in general seem to have a future within the application of fruits and vegetables. 
An illustration of this is shown in figure 20. 
 
 
  
Figur 19: Here is shown the picture of the splat assay from the experiment. Recrystallization 
inhibition activity was measured in the AF-plants, which contained the afa3 gene. Though 
the contrary was found in the AAF1 and AAF3 transformants that showed that crystal size 
decreased and they actively inhibited recrystallization [34]. 
Figure 20: Western analysis was performed to see the 
activity of (spa-afa5) in lane 9 compared to the 
ordinary AFP gene (afa3), which are represented in 
lane A [34]. 
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4.4 Ice cream 
Today, the demand for quality and quantity in ice cream manufacturing are growing continuously. 
The usage of AFP’s in ice cream production can improve texture and taste experience of the ice-
cream, by inhibiting the growth of ice crystals in the mixture. One of the problems concerning the 
ice cream manufacturing is the re- crystallization caused by temperature fluctuation during storage, 
where small ice crystals melt, and turn into larger ice crystals by re-freezing. Large ice crystals 
destroy the texture and taste experience of ice cream, and that’s why AFP’s is suggested as a natural 
ice growth inhibitor in such products [49]. 
The ingredients in ice cream consist of dairy products and sweeteners. During the manufacturing of 
ice cream the ingredients are weighed in the right portions and mixed, pasteurized and 
homogenized. The ice cream mixture needs to be homogenized in order to avoid destabilization 
during the freezing process which can cause ice crystallization. After the homogenization step, the 
mixture will be cooled down to a temperature of 0 ̊ to 5 ̊ C, and left to rest for a couple of hours. The 
resting time is for the small fat crystals of appropriate size to form and give the ice cream the right 
texture. The ice cream will hereafter be frozen and churned in order to form a semi-frozen product, 
where the ice crystals, that can ruin the texture, are removed from the mixture. The semi-frozen 
product will be packed into forms and frozen rapidly down to temperatures between -35 to - 50οC 
by the use of a liquid nitrogen cooled airflow. This will be done in order to avoid the formation of 
large ice crystals [33].  
AFP’s can be added to the ice cream mixture during the semi-frozen stage, in order to inhibit the ice 
crystallization and improve the texture of the final product. By adding AFP’s, the mixture can be 
hardened slowly by temperatures from – 18 to - 30ο C without the formation of large ice crystals, 
eliminating the necessity for rapid freezing [60] [33].  
There have been observed a positive effect by the usage AFP’s in the semi-frozen stage of the ice 
cream production. Solutions containing only sucrose (formulation A) and solutions containing ice 
cream mixture (solution D) where used in order to investigate the effect of added AFP’s. 0.25 % 
cold-acclimated winter wheat extracts (AWWE), which contains AFP’s, were added to the total 
protein (TP) of the two solutions. This was compared to the respective samples without any AWWE 
added.  The two solutions have the same freezing point depression and a constant sugar : protein : 
stabilizer ratio. The samples was first frozen down to -50 ̊ C, then warmed up to -10 ̊ C and final to -5 ̊ 
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C, the constant temperature for the rest of the experiment. A picture was taken every 80 minute, 
starting after 10 minutes, in order to follow the process of the crystallization of the different 
solutions. Figure 21, shows these pictures [49]. 
 
Figure 21. Bright field pictures taken of formulation A, and formulation D, with and without 0.25 % 
AWWE at −5°C, for every 80 minute (starting after 10 minutes) [49]. 
There was an obvious difference between the solutions containing AWWE and the solutions 
without AWWE, showing that AFP’s inhibit the ice growth, and improve the texture of the 
mixtures. The study suggests that the presence of other ice mixture ingredients in the sucrose 
solutions cause a reduction in the ice crystal growth, which can be seen in figure 21, at the solutions 
without AWWE. Formulation A has larger ice crystals than formulation B, confirming this 
hypothesis, because formulation A only contains sucrose, and formulation D is containing sucrose 
and several other ice mixture ingredients, such as dairy products and sweeteners [49].   
The mechanisms of re-crystallization involve small ice crystals fusing together forming larger ice 
crystals. The number of ice crystals that is fused in the study is shown in figure 22. By adding 
AFP’s the formation of larger ice crystals is inhibited, and the re-crystallization will occur over a 
longer time period. After 90 minutes, the degree of aggregation started to decrease, and the ice 
crystal size remained at a constant level [49].  
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Figure 22 Total accreted ice crystals measured from acquired images at -5οC of sucrose solution (Formulation A; 
◆), sucrose solution containing 0.25% total protein (TP) from AWWE [cold-acclimated winter wheat grass 
extract (AWWE); ■], ice cream solution (Formulation D; ▲) and ice cream solution containing 0.25% TP from 
AWWE (X). [49] 
The number of total ice crystals is higher in ice cream and sucrose solutions containing AFP’s than 
solutions without AFP’s (figure 22). The small ice crystals in the solutions without AFP’s turn into 
larger ice crystals by aggregation, hence the number of small ice crystals decreases by a constant 
temperature over a longer period of time. 
Another experiment of this study, stored three different ice cream solutions under different 
conditions. First the three different ice cream solutions were stored at -35 ̊ C, here no crystallization 
was observed, because temperatures at this level do not permit any ice crystallization. Secondly the 
different solutions were stored by -18 ̊ C, here small ice crystals was observed, which aggregated to 
larger ice crystals by “melt-diffuse-grow” processes. The study suggests that AFP’s at this 
temperature will be affected by other ingredients in the ice mixture, because the AFP’s diffuse in 
the water interface together with other particles. This can make the binding of AFP to an ice crystal 
difficult; however the reduction of ice growth inhibition seems to be insignificant. The last three 
solutions were stored at higher temperatures at about -10 ̊ C for a period of 12 hours, which is 
considered as a longer period of time. The inhibition of ice growth in these samples was significant 
[49].  
The study suggested, after observing the three different situations, that AFP’s need a certain amount 
of time before they bind to an ice crystal [49]. 
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4.5 AFP in baker’s yeast 
The demand for frozen dough products is increasing rapidly; however freezing during storage is 
often lethal for yeast cells, as there are many negative effects like denaturation of macromolecules, 
rupture of cell membranes and shrinkage of the cells, caused by loss of water, which has a negative 
effect on the quality of the bread. To counter this effect the quantity of yeast is increases by 4-10% 
above normal dosage. This however, increases production costs and negatively affects taste and 
texture.  The answer to this problem seems to be a baker’s yeast with optimal gassing capacity, even 
under freezing conditions; however yeast suitable for this does not already exist. A possible solution 
of this is to transfer AFP genes into the baker’s yeast, Saccharomyces cerevisiae, to increase the 
gassing rate and total gas production in frozen dough’s [45].  
Scientists have tried to develop a method for using AFP’s in frozen dough products by using an 
expression vector containing an AFP coding sequence. The AFP used in the experiment is a type 1 
AFP, called GS–5, which is isolated from the grubby sculpin. The main strategy of the method is to 
overlap two 10 base pair oligonucleotides which contain the GS–5 sequence. After introducing the 
GS–5 sequence into yeast, the process continues with the extention phase of the fragments. When 
the desired fragment is completed it can be amplified by PCR [45]. 
To examine the freeze protecting ability of recombinant GS-5 in yeast, cells were inoculated in a 
flour-free liquid dough model system (LD) which imitates the nutrient composition of the frozen 
dough products. Two samples were used to examine this. The test group contained the AFP gene 
and the control group did not. The samples were cooled to -20 ̊C and then thawed at different times 
after which the number of functional cells was determined. In the control group, cells lost 
functionality fast, even after being frozen for only 1 day. Half of the cells containing the 
recombinant AFP gene however, survived during 13 days at the same temperature. This shows that 
that the recombinant GS-5 gene increases the freeze tolerance in yeast [45]. 
In the same experiment, the gassing power of the cell was tested at -20 ̊C. In both samples (control 
group and test group), almost the same results were observed after freezing for 3 hours. After 
freezing and thawing, both samples lost about 30% of their CO2 production compared to unfrozen 
samples. This suggests that AFP do not protect the cells against osmotic losses. However during 
storage (after 40 days at -20 ̊C), the CO2 production of the test group was 30% higher than control 
group [45]. This is shown in figure 23. 
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Figure 23: Effects of freezing and frozen storage on CO2 production by yeast cells. ● Cells 
containing the recombinant GS-5 gene, ○ cells without the gene [45]. 
This shows that the transfer of an AFP gene gives a small but significant effect on the gassing 
capacity of baker’s yeast after freezing. A further freeze tolerance however has to be obtained to 
decrease the dosage of yeast needed, and thereby reduce production costs [45].  
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4.6 AFP as an allergen 
The usage of AFP’s in food leads to the question if it might express an allergic reaction in humans. 
Food allergy is defined as IgE-mediated reaction, and is estimated to affect 1-2 % of the human 
population [7][52][19].  
There will always be some part of the human population that will be more sensitive towards 
proteins, and before AFP can be introduced into food, analysis of AFP has to be conducted, since 
it’s not possible to know if a certain protein is an allergen purely on its physical or chemical 
properties [58].  
In order to determine the allergen value of AFP, it is submitted to pepsin digestion, its amino acid 
sequence is compared to sequences of known allergens and is determined if an IgE mediated 
response is possible. The histamine release from basophiles is also a determining factor [58].  
Type III AFP from ocean pout was expressed in yeast then compared to known allergens and the 
pepsin resistance was tested. It was determined that type III, had no similarity in sequence to known 
allergens and that it was hydrolyzed rapidly by pepsin. This study concludes, that AFP III has an 
unlikely chance of provoking, an allergic reaction in protein sensitive persons. It furthermore, did 
not trigger an IgE-mediated response in persons without sensitivity to proteins [3]. 
An in vivo and in vitro genotoxicity assay was also performed on AFP type III (ocean pout), to 
estimate its toxicological properties. The assay concluded that AFP through ingestion in rats, do not 
have any genotoxic or subchronic toxicity [39].  
A general health and immunogenicity of Type III was conducted, it tested healthy human volunteers 
over a period of 8 weeks, where they ingested the protein. The results showed that AFP III did not 
affect the test subjects health or immunogenicity [10].  
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5.0 Discussion 
The appropriate name for these proteins is a debated topic. Antifreeze proteins, ice structuring 
proteins or thermal hysteresis proteins have all been suggested, however it is hard to determine 
which one is the most appropriate. AFP is the known and accepted term when describing proteins 
that inhibit ice growth in organism living under freezing conditions. However it has been proposed, 
that the term ice structuring proteins (ISP) or even thermal hysteresis proteins (THP) might be more 
appropriate terms for these proteins. When looking at this description and on how AFP’s work, it is 
obvious that they do not prevent freezing altogether, yet they still inhibit the detrimental effect on 
the organism by inhibiting the growth of the ice crystals. Therefore the terms ISP or THP seems 
more suitable, however choosing between these two terms might be difficult. THP refers to the 
difference between the melting point and freezing point created by the proteins and ISP refers to 
containment of ice crystals, which could suggest ISP as the more precise term. To determine the 
correct term for these proteins, more precise terms may have to be suggested, such as ice growth 
inhibition protein or ice crystal inhibition proteins. However the main question still remains, if any 
of the different terms can gain enough acceptances to supplant the term AFP that has been accepted 
and used for such a long time. 
Fish AFP’s is the dominating AFP’s used in commercial applications. This seems a little peculiar 
considering insect AFP’s are hyperactive. A reason might be that fish AFP is the best known and 
understood of the different AFP’s which could make their abilities the most popular in commercial 
applications compared to insect AFP’s that are not as well examined. Furthermore most fish AFP’s 
has shorter amino acid sequences and more repeat sequences than insect AFP. They can therefore 
easier be added to any given product, with one of the aforementioned methods. 
Every aspect that deals with modification of our nature creates suspicion. However we shouldn’t be 
indifferent to some important facts that have to do with food safety, the stability and preservation of 
the marine environment, plant vegetation or other issues that affect our lives and our ecosystem. 
In food applications, AFP’s can be applied to have a beneficial effect which however can lead to 
certain reservations. If the food for instance, starts tasting different, because of the modifications, 
and if this is true, what is indeed the point in adding AFP’s,  it might last longer, have a better 
quality, but no taste sensation, which is essential in food products. This is what will have to be 
uncovered in the following years, where science looks to change our food, for it to become more 
viable against weather conditions under growth and first and foremost freezing temperatures and 
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recrystallization under storage.  The development and test phases of AFP inserted into food might 
be costly, but in the long run it will add up, compared to how much it will save, because of the 
longer expiration date in the stores and protection from ice formation / recrystallization during 
storage. Tests have shown that AFP’s do not seem to affect the human body. However what if, they 
after a long period of consumption, starts to modify the body to inhibit ice recrystallization? Or 
affect other genes in a negative way. These are questions, which cannot be answered precisely, 
before they are introduced into food or after a long period of tests. 
Ice cream, fruits/vegetables and fish from aquaculture are produced for human consumption and are 
therefore needed to be fully investigated, to find possible health risk factors.  Studies of AFP III 
showed it to be a non-allergen, though many unconsidered facts remained. First of all, studies were 
done on small numbers of volunteers, which makes the statistical rate of the results vague. 
Secondly, the preparation that was given to the volunteers contained unpurified AFP and because of 
this, there could be a possibility that the preparation would cause an immune response. 
Furthermore, the preparation was not given in the products the proteins were meant to have a 
beneficial factor on. Therefore the results of these experiments are not accurate and not able to 
show a definitive allergic expression of AFP in humans. In another experiment an immune response 
was observed in mice, because of the secondary modification of AFP in yeast by glycosylation. 
This could imply that the human immune system also could recognize yeast modified AFP as 
antigens [46]. 
Even though there are only few in depth results, AFP’s are already being used in ice cream, in 
several countries like USA, Australia and New Zealand. An argument could be made that these 
products should be labeled to make the consumer aware that they contain AFP. There is overall no 
hard evidence that transgenic AFP is identical to the protein produced in ocean pout because of the 
glycosylation pattern of the yeast, or AFP III being dismissed completely as an allergen. Therefore 
the relevant AFP and the genetically modified one will have to be tested in the products they are 
made to improve. Only then will we get a precise picture of it being an allergen or not, hence there 
are more and long term experiments needed to be made.  
To summarize, human consumption safety present the major obstacle concerning AFP treated 
products. One issue is the new allergies that may appear because of the new proteins that the 
transgenic products contain. Besides potential allergic reactions, consumers worry about the 
nutritional quality and possible toxicants.  
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An issue that concerns the scientists is the risk after the release or escape of a transgenic fish. 
Possible interbreeding of the transgenic fish with wild populations may cause serious ecological 
problems, such as the spread of the transgene into the native populations. The term that describes 
the genetic contribution of an individual to future generations is called fitness. In other words 
fitness is the ability of an individual to propagate its genes. The introduction of this term is not an 
arbitrary, however it is fundamental factor of the ‘escape’ problem. It is crucial to analyze and 
evaluate the fitness of the transgenic fish in comparison to the fitness of the wild populations to 
prevent irreversible situations like the ‘Trojan gene hypotheses ’. This hypothetical scenario refers 
to a situation, where the transgenic fish gets all the mating nevertheless it produces generations with 
reduced juvenile viability. If something like this happens the gene will spread among the native 
population and the reduced viability will cause demographic unbalance and perhaps future 
extinction [41] [61]. 
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6.0 Conclusion 
We can from the information attained for this project come with an assessment of what would be a 
better description of AFP. AFP means antifreeze proteins which is not an entirely correct term, 
since the proteins involved do not prevent freezing altogether, however they rather structure the ice 
crystals and inhibit recrystallization. The term ISP (Ice structuring protein) would be a more precise 
and fitting term for the proteins, which has moreover gained more acceptance in the scientifically 
reviews and reports.    
An interesting thing we came to realize is that most applications where AFP is being used, comes 
from fish rather than insects. Taking into consideration the AFP’s from insects are a lot more 
hyperactive and can withstand much lower temperatures than the ones from fish, a potential more 
efficient candidate can be obtained. This taken into the overall picture, insect versus fish AFP’s, 
insect AFP’s are more complex built meaning they have longer and more varied amino acid 
sequences compared to AFP from fish. The question then remains, do the benefits of more 
hyperactive and temperature resistant proteins outweigh the costs and studies, followed by the 
research needed to understand and make them suitable for food products. Given that the companies 
applying AFP’s in their product most often use fish AFP’s seems to confirm that this is the case.    
When determining if AFP’s should be used in products for human consumption it is clear that 
further and more precise tests will have to be done, to ensure the safety of inserting AFP’s into 
food, which includes allergy reactions, gene mutations and genotoxicity. A problem also seems to 
be that if released into the wildlife, as could be the case with transgenic fish, an example of 
manmade natural selection would occur. In the case of AFP modified fish that would be perceived 
as stronger specimen and dominate the breeding, which could cause interbreeding after some 
generations which would affect the ecosystem of the involved species in a highly negative manner. 
However viewed overall AFP shows a lot of promise and possibilities, and with better and more 
thorough research it could emerge as valuable tool in food production and preservation.   
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7.0 Perspective 
The future of biotechnology in general appears very promising. There is a tremendous advancement 
of modern science in technical support and in the deeper understanding of life’s mechanisms. This 
creates very favorable conditions for further development of the AFP applications. We could divide 
the future perspectives into three categories. One is the development of the methods and the 
techniques for the AFP transferring and expression. The second category concerns the applications, 
the development of the already existing ones, and the invention of new possibilities. Finally the 
discovery of new AFP from an organism of our ecosystem may result in drastic changes in the 
applications. 
 
Besides the applications mentioned in this report there are other areas were AFP properties can be 
applied. Especially the application of AFP in medicine seems to have great potential for the future. 
One of the medical perspectives is the improvement of cryosurgery. Cryosurgery is a branch of 
medical surgery where freezing is used to destroy unwanted tissue. Cryosurgery, contrary to 
expectations, is not a modern science as it was used two centuries ago for the treatment of breast 
cancer. Today cryosurgery use cryogenic fluids like Nitrogen or Ozone and other freezing 
techniques to cool down needles which are inserted in the tumor. The unwanted tissue remains in 
the body after the freezing where it is expelled by the immune system [50].  
 
Another medical perspective is the preservation of tissues for transplants or transfusions. There is a 
time limit in the storage of organs. This time can be expanded, so the organs could be stored for 
longer periods before the transplant, by using AFP. The organs could then be safely preserved at 
lower temperatures and for longer period. In this application a fundamental role could be played by 
a newly discovered AFP from snow fleas [47]. Researchers showed that snow flea AFP reacts in a 
different way than other insects AFP’s because it breaks down when the temperatures get higher. 
This is a great advantage for the transplant application because after the surgery AFP will be cleared 
from the organism faster by the body temperature from the person who received the transplant. This 
will minimize complications that may occur by the formation of antibodies. [47]. 
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